Abstract.
A microfluidic lab-on-a-chip derivatisation technique has been developed to measure part per billion (ppbV) mixing ratios of gaseous glyoxal (GLY) and methylglyoxal (MGLY), and the method is compared with other techniques in a smog chamber experiment. The method uses o-(2, 3, 4, 5, 6-pentafluorobenzyl) hydroxylamine (PFBHA) as a derivatisation reagent and a microfabricated planar glass micro-reactor comprising an inlet, gas and fluid splitting and combining channels, mixing junctions, and a heated capillary reaction microchannel. The enhanced phase contact area-to-volume ratio and the high heat transfer rate in the micro-reactor resulted in a fast and highly efficient derivatisation reaction, generating an effluent stream ready for direct introduction to a gas chromatograph-mass spectrometer (GC-MS). A linear response for GLY was observed over a calibration range 0.7 to 400 ppbV, and for MGLY of 1.2 to 300 ppbV, when derivatised under optimal reaction conditions. The analytical performance shows good accuracy (6.6 % for GLY and 7.5 % for MGLY), suitable precision (<12.0 %) with method detection limits (MDLs) of 75 pptV for GLY and 185 pptV for MGLY, with a time resolution of 30 min. These MDLs are below or close to typical concentrations of these compounds observed in ambient air. The feasibility of the technique was assessed by applying the methodology to quantify α-dicarbonyls formed during the photo-oxidation of isoprene in the EUPHORE chamber. Good correlations were found between microfluidic measurements and Fourier Transform InfraRed spectroscopy (FTIR) with a correlation coefficient (r 2 ) of 0.84, Broadband Cavity Enhanced Absorption Spectroscopy (BBCEAS) (r 2 = 0.75), solid phase micro extraction (SPME) (r 2 = 0.89), and a photochemical chamber box modelling calculation (r 2 = 0.79) for GLY measurements. For MGLY measurements, the microfluidic technique showed good agreement with BBCEAS (r 2 = 0.87), SPME (r 2 = 0.76), and the modeling simulation (r 2 = 0.83), FTIR (r 2 = 0.72) but displayed a discrepancy with Proton-Transfer Reaction Timeof-Flight Mass Spectrometry (PTR-ToF-MS) with r 2 value
Introduction
Glyoxal (GLY, CH(O)CHO) and methylglyoxal (MGLY, CH 3 C(O)CHO) are the most prevalent α-dicarbonyls in the ambient atmosphere. They are found ubiquitously in urban, rural and remote ambient air owing to their wide variety of sources. Both α-dicarbonyls are generated by the photochemical oxidation of anthropogenic and biogenic volatile organic compounds (VOCs) (Fu et al., 2008) . They are important primary ring opening products in the OH initiated oxidation of monoaromatic compounds in the presence of NO x (NO and NO 2 ) (Calvert et al., 2002) and are photooxidation products from isoprene degradation as well as other biogenic VOCs (Calvert et al., 2000) . GLY and MGLY have also attracted recent attention as potentially important contributors to global secondary organic aerosol (SOA) (Volkamer et al., 2009; Hallquist et al., 2009; Hoffmann et al., 1997) , which can significantly impact climate, air quality and human health (Solomon et al., 2007; Mauderly and Chow, 2008) . They are highly water-soluble and can form SOA through uptake into the aqueous phase of an aerosol particle or cloud droplet, followed by aqueous-phase reactions that lead to the formation of low-volatility organonitrogen/organosulphate/ oligomeric products De Haan et al., 2009; Loeffler et al., 2006) . GLY was reported to account for up to 15 % of the mass of SOA in Mexico City (Volkamer et al., 2007) .
However, observations of α-dicarbonyls are rather limited, especially in rural and remote regions, where their mixing ratios are in the parts per trillion range, but can vary considerably depending on location. Low tens to hundreds of pptV mixing ratios (GLY: 15-1820 pptV and MGLY: 50-320 pptV) have been reported in rural, urban, and marine/open ocean environments (Lee et al., 1995; Volkamer et al., 2005a; Fu et al., 2008; Huisman et al., 2008; Sinreich et al., 2010; Vrekoussis et al., 2009; Munger et al., 1995; Spaulding et al., 2003; Washenfelder et al., 2011) . Gaseous GLY mixing ratios have been observed up to 1.82 ppbV in Mexico City (Volkamer et al., 2005a) and as high as 1.60 ppbV above a Southeast Asia tropical rainforest (MacDonald et al., 2012) . A global modelling study by Fu et al. (2008) shows that the majority of GLY (47 %) and MGLY (79 %) are produced by isoprene photo-oxidation, which is the most abundant VOC emitted into the atmosphere, with an estimated annual emission from the biosphere of 500 Tg yr −1 (Guenther et al., 1995) . Other important sources of α-dicarbonyls include the oxidation of unsaturated hydrocarbons like acetylene (GLY only) (Fu et al., 2008) , alkenes (e.g. 2-methyl-3-buten-2-ol (Chan et al., 2009 ) and methyl substituted ethenes (Volkamer et al., 2007) ) and monoaromatics (e.g. benzene (GLY only), toluene, xylene and 1,3,5-trimethylbenzene (MGLY only) (Volkamer et al., 2007 (Volkamer et al., , 2005b ). MGLY is also formed from the oxidation of acetone (Fu et al., 2008) , hydroxyacetone and various oxygenated alkenes (e.g. methylacrolein and methylvinylketone ) with GLY formed from glycolaldehyde, acrolein and crotonaldehyde, which are important components of biomass burning plumes (Magneron et al., 2005) . Modeling studies underestimate observations of total GLY column amounts measured from satellites, implying there is a substantial missing source of GLY, which accounts for about 50 % of global GLY (Myriokefalitakis et al., 2008; Vrekoussis et al., 2009; Lerot et al., 2010) .
GLY and MGLY are reactive and have lifetimes of the order of a few hours during the daytime. Their atmospheric sinks are controlled primarily by photolysis, reaction with OH and heterogeneous processes (Volkamer et al., 2005a, b; Fu et al., 2008) . Therefore, both α-dicarbonyls have been used as tracers of local vs. regional photochemistry of biogenic and anthropogenic VOCs, since their short lifetimes inhibit their long-range transport (Volkamer et al., 2007) . Additionally, the photolysis of GLY and MGLY can be a significant source of tropospheric HO x (HO + HO 2 ) and their reactions with OH can contribute to the tropospheric burden of ozone (Fu et al., 2008) . Since α-dicarbonyls play important roles in the complex intermediary atmospheric chemistry of both ozone and SOA formations, they are attractive species to measure in order to test fundamental chemical understanding through mechanism evaluation of chemistry incorporated into predictive policy and scientific models such as the Master Chemical Mechanism (Saunders et al., 2003) .
Despite the importance of α-dicarbonyls in gas-phase atmospheric photochemistry and SOA formation, cheap and simple techniques for their rapid and sensitive in situ atmospheric measurement have not been readily available. In recent years several different optical/spectroscopic approaches have been proposed for atmospheric measurement of α-dicarbonyls including Differential Optical Absorption Spectroscopy (DOAS) (Volkamer et al., 2005a; MacDonald et al., 2012) , Broadband Cavity Enhanced Absorption Spectroscopy (BBCEAS) (Thalman and Volkamer, 2010; Washenfelder et al., 2008) , Laser-Induced Phosphorescence (LIP) Spectrometry (Henry et al., 2012) , and Fourier Transform InfraRed (FTIR) absorption spectroscopy (Connelly et al., 2012; Profeta et al., 2012) . DOAS is a wellestablished technique used to identify trace gases by means of their individual differential (i.e. narrow band) absorption structures. Volkamer et al. demonstrated long-path differential optical absorption spectroscopy (LP-DOAS) in Mexico City to detect GLY with a detection limit of 150 pptV using an atmospheric path length of 4420 m and integration times between 2 to 15 min (Volkamer et al., 2005a) . GLY above a Southeast Asian tropical rainforest was measured by LP-DOAS and multi-axis (MAX) DOAS with a maximum mixing ratio of 1.6 ppbV observed (MacDonald et al., 2012) . Broadband methods based on making absorption measurements on gas samples within high finesse optical cavities are a promising, emerging detection technique for many atmospheric trace gases with broad, structured absorptions in the visible and ultraviolet spectral regions (Thalman and Volkamer, 2010; Washenfelder et al., 2008 Washenfelder et al., , 2011 Langridge et al., 2008) . Cavity Enhanced Differential Optical Absorption Spectroscopy (CE-DOAS) has been shown to be capable of sensitive, in situ, single point measurements of GLY and MGLY with method detection limits (MDL calculated as 3 times standard deviation of the S/N of the blank samples) as low as 43 and 255 pptV, respectively with one minute averaging (Thalman and Volkamer, 2010) . A similar spectroscopic method, Broadband Cavity Enhanced Absorption Spectroscopy (BBCEAS) can achieve a MDL for GLY of 87 pptV with one minute averaging (Washenfelder et al., 2008) . A Laser-Induced Phosphorescence (LIP) technique has been employed for GLY measurement with a MDL of 18 pptV in one minute and high time resolution (up to 3 Hz) (Huisman et al., 2008 . The LIP technique has recently been improved to enable the simultaneous measurement of GLY and MGLY with MDLs of 11 pptV for GLY and 243 pptV for MGLY in 5 min (Henry et al., 2012) . However most of the optical methods reviewed above require some highly specialized, or high maintenance equipment, and require exchange of light sources, cavity mirrors and/or other optics in order to measure different species. More commonly available, FTIR is a recent-established method to measure gaseous GLY and MGLY at high concentrations (ppmV) (Profeta et al., 2011; Talukdar et al., 2011) , however FTIR requires a path length of 100-200 m or longer to realise a low detection limits (ppbV). However, the application of FTIR to ambient GLY and MGLY measurements may be limited since some IR peak locations of GLY and MGLY can be likely obscured by adjacent CO 2 , H 2 O or N 2 O lines (Profeta et al., 2011) .
Global GLY measurements have recently become available from satellites. Several space-borne imaging UV-VISnear IR spectrometers have been used to observe GLY from space and retrieve global total column GLY datasets, including the SCanning Imaging Absorption SpectroMeter for Atmospheric CartograpHY (SCIAMACHY), Global Ozone Monitoring Experiment (GOME) and GOME-2 instruments (Vrekoussis et al., 2010 (Vrekoussis et al., , 2009 Wittrock et al., 2006) . Importantly, however, such satellites measurements require extensive validation by in situ measurements on the ground, ideally over a wide range of spatial and temporal scales. Satellite observations are good for providing a picture of the global distribution of a chemical species, but typically only produce one pixel of information covering a whole city at one time of day, insufficient to test the use of GLY and MGLY as tracers for fast photochemistry.
A common and versatile method for GLY and MGLY measurement uses the principle of chemical derivatisation with a derivatisation reagent, such as o-(2, 3, 4, 5, 6-pentafluorobenzyl)hydroxylamine (PFBHA) (Yu et al., 1995; Ho and Yu, 2002; Temime et al., 2007) , 2,4-dinitrophenylhydrazine (DNPH) (Ho and Yu, 2004; Lee et al., 1998) and pentafluorophenylhydrazine (PFPH) Ho and Yu, 2004) , with subsequent analysis using bench-top GC-MS or High Performance Liquid Chromatography with ultraviolet detection (HPLC-UV). Such methods have acceptable sensitivity, good reproducibility and the considerable advantage of being able to quantify multiple compounds simultaneously (USA-EPA, 1999). For example GLY and MGLY were analysed by an on-sorbent PF-BHA derivatisation technique with detection limits of 0.1 and 0.6 ppbV and precisions of 2.2-5.3 % and 0.7-6.4 %, respectively, after 4 h sampling time (Ho and Yu, 2002) . MGLY has been measured in air by sampling with impingers filled with an aqueous PFBHA solution with a detection limit of 0.02 ppbV after 3 h sampling time (Spaulding et al., 1999) . Although derivatisation methods are proven for the measurement of GLY and MGLY, their drawbacks are long sampling times, with a lengthy and hands-on lab procedure of derivatisation and solvent extraction/evaporation following sampling of ambient air.
The techniques of Solid Phase Microextraction (SPME) using PFBHA on-fibre (Muñoz et al., 2011; Gomez Alvarez et al., 2012) and a mist chamber with PFBHA solution (Spaulding et al., 2002) can significantly reduce sampling times to 10 minutes with detection limits of 0.003 ppbV for GLY and 0.01 ppbV for MGLY, respectively. However, the preparation processes for PFBHA-coated fibres are complicated and labour intensive and the mist chamber derivatisation requires a large sample gas volume (200 L). Substantial benefits may be gained therefore from the employment of a methodology which can achieve a relatively short sampling time, eliminate the bench chemical processes for sample preparation, and be based on the universality of a GC-MS method. The key to making major improvements in GLY and MGLY measurements may therefore lie in near-automated sample preparation.
In this work, a simple and sensitive microfluidic derivatisation approach for GLY and MGLY analysis has been developed using accelerated and highly efficient derivatisation reactions between α-dicarbonyls and a derivatisation reagent inside a micro-reactor. The micro-reactor provided a zone for gas sample mixing, chemical reaction and pre-concentration, essentially replacing three independent offline preparative steps. Hence we use the "lab-on-a-chip" moniker for the methodology. This methodology for GLY and MGLY builds on our previous reported techniques used to measure gas phase formaldehyde (Pang and Lewis, 2012) . The microfluidic technique realises a near real-time analysis based on the rapid derivatisation reaction occurring simultaneously with air sampling at high chip temperatures, and without any postderivatisation treatment necessary on the samples. Combining the micro-reactor with the auto-sampler of a commercial GC-MS allows for continuous sampling and analysis with a time resolution of around 30 min.
The performance of the microfluidic derivatisation technique is evaluated in this paper through simultaneous measurement of gaseous GLY and MGLY in various experiments performed at the European Photoreactor (EUPHORE), a highly instrumented, large-scale outdoor atmospheric simulation chamber located in Valencia, Spain. The microfluidic derivatisation technique was compared with FTIR, BBCEAS, PTR-ToF-MS, and SPME on observations of the temporal evolution of GLY and MGLY formed during the photo-oxidation of isoprene as well as with a detailed model simulation (the Master Chemical Mechanism (MCMv3.2) ). The MCM model includes a series of "chamber specific" auxiliary mechanisms to account for EUPHORE chamber wall reactions (Bloss et al., 2005) . The simulation MCM model can predict the evolutions of gaseous GLY and MGLY during the fast photochemical degradation of isoprene. Comparison of the MCM model results with observations made by the various measurement techniques enables one to consider whether the techniques have the requisite time resolution and sensitivity to follow the temporal changes in GLY and MGLY concentrations during chamber experiments.
Experimental

Micro-reactor layout and analytical system
The micro-reactor integrates three key functions: (1) a gas and liquid mixer and reactor, (2) reagent heating, and (3) sample pre-concentration. Gaseous mixtures containing GLY and MGLY were drawn into the micro-reactor through inlets by a clean air pump. The PFBHA derivatisation solution was then introduced into the micro-reactor simultaneously through a separate inlet by a peristaltic pump (Watson Marlow 205S, UK). The micro-reactor was fixed securely on the surface of a hotplate head for direct heating. GLY and MGLY in the gas stream reacted with PFBHA with high efficiency in the micro-channel through diffusion into the derivatisation solution which formed a laminar layer on the channel walls, analogous to a capillary chromatography stationary phase (Pang and Lewis, 2012) . A stainless metal coil (1/16 inch in OD, 0.040 inch in ID and 50 cm in length) was connected to the outlet of the micro-reactor, and placed in an ice-salt bath with a temperature of 0 • C. The reaction solution eluting from the stainless coil was collected directly into a sample vial within the auto-sampler of the GC-MS. A more detailed description of the micro-reactor used is provided in a previous study (Pang et al., 2013) .
Materials and apparatus
All chemicals (unless otherwise stated) were purchased from Sigma-Aldrich Company. Solvents including acetonitrile, methanol, ethanol, ethyl acetate, 2-propanol (HPLC grade) were purchased from Fisher (UK). The derivatisation reagent o-(2, 3, 4, 5, 6-pentafluorobenzyl) hydroxylamine (PFBHA) (99 %), was used directly in this study. The sample gases matrix including GLY and MGLY was pumped into the microreactor using a clean KNF diaphragm gas pump (PM20994-022, Neuberger, Germany). The flow rate of sample gas was controlled over the range of 100-600 mL min −1 by a mass flow controller (Model GFC17, Aalborg, USA), itself calibrated by a gas flow meter (Alicat Scientific, USA). Flow of the derivatisation solution was generated and controlled by a peristaltic pump, varying from 20-120 µL min −1 . The final volume of solution in the collection vial was around 0.5 mL under optimal experimental conditions. The optimisation of gas flow and derivatisation solution flow will be discussed in the Sect. 3.2 and the detailed information can be seen in Table 1 .
A magnetic stirrer hotplate (RH Basic 2 IKAMAG, UK) with a contact thermometer was used to heat the microchip directly. Separation and detection of the PFBHA derivatives of GLY and MGLY were performed on a GC-MS system incorporating a Perkin Elmer (USA) Auto system XLGC and a Turbo Mass (USA) quardrupole MS equipped with a DB5 column (60 m × 0.25 mm × 1.0 µm, length × internal diameter × film thickness). GC conditions were as follows: the GC oven temperature was initially set at 80 • C for two minutes, programmatically ramped to 300 • C with a temperature ramp of 8 • C min −1 and then held at 300 • C for 1.5 min. The solvent delay was set at 10 min to avoid possible damage to the MS detector. The GC injection mode was set as splitless. The temperatures of the GC inlet and GC-MS transfer line were kept at 250 • C. The mass spectrometer was operated in scan mode with a mass range of 100-500 Da to identify the most abundant ions. The selected ion chromatograms of the most abundant ion ([C 6 F 5 CH 2 ] + ) with m/z = 181 Da, which is a fragment of the PFBHA molecule, were used to quantify the concentration of derivatives in solution.
Description of EUPHORE chamber and instrumentation
All experiments were performed in the European PhotoReactor (EUPHORE), located in Valencia, Spain during the period of 28 June to 2 August 2012. EUPHORE consists of two FEP (Teflon) hemispherical chambers mounted on aluminium floor panels. The FEP foil is highly transparent even to short-wavelength solar radiation. The chamber used in the present study (Chamber A) has a volume of ca. 200 m 3 and is protected by retractable hemispherical shutters when its exposure to sunlight is not required. The chamber is operated at ambient temperature and approximately atmospheric pressure using purified air, while two large fans provide homogeneous mixing of the chamber contents. A FTIR spectrometer (NICOLET 550, MCT/B-detector) is coupled to a multi-pass White-Cell mirror system for long path in situ monitoring of gaseous reactants and products in the IR spectral range (400-4000 cm −1 ). The gold-coated mirrors of the cell allow for a total optical path length of 616 m. Spectra are collected with 1 cm −1 resolution by averaging 280 scans over a 5 min period. Concentrations of GLY and MGLY in the chamber during the experiments were determined with improved analysis software developed at CEAM and using calibrated reference spectra collected a priori (Ródenas, 2008) . GLY and MGLY were monitored in the aldehydic C-H band, within the spectral region of 2750-2900 cm −1 for GLY and 2750-2920 cm −1 for MGLY. For the calibration of gases measured by FTIR, GLY was injected into the chamber with a syringe in repeated trials while MGLY was cross-calibrated against DOAS. The accuracies are estimated to be 8 % and 15 % for GLY and MGLY measurements by FTIR. A custom-built Broadband Cavity Enhanced Absorption Spectroscopy (BBCEAS) instrument was also employed to monitor GLY and MGLY. The BBCEAS instrument has been developed for highly sensitive and target-selective in situ trace gas measurements such as atmospheric NO 2 and NO 3 (Langridge et al., 2008) . A blue light emitting diode (LED) was employed as the light source, enabling simultaneous measurements of GLY, MGLY and NO 2 based on their molecules' distinctive absorption spectral signatures in the wavelength range 430-486 nm. The accuracy of the BBCEAS measurements is determined by two main considerations: (i) uncertainties in the reference absorption cross sections used to fit the differential spectral structure in the BBCEAS spectra to retrieve the target absorber concentrations, and (ii) uncertainties in determining the reflectivity of the cavity mirrors (i.e. the effective path length of the BBCEAS absorption measurement) and the proportion of the cavity occupied by the gas sample (the cavity mirrors are purged with synthetic air to prevent contamination). The overall accuracies of the BBCEAS measurements are estimated to be 7 % for GLY and 10 % for MGLY.
A PTR-ToF-MS instrument (Series I, Kore, UK) was also used to detect the gaseous MGLY. The PTR-ToF-MS technique is based on the chemical ionization of trace VOCs present in atmospheric samples by proton transfer reactions with the hydronium reagent ion (H 3 O + ). The product is a protonated molecular ion (VOC-H) + for each VOC which is then selected and quantified by time-of-flight mass spectrometry (Blake et al., 2009) . The PTR-ToF-MS method is also applicable to oxygenated VOCs such as GLY and MGLY. However, one drawback to PTR-MS, common to on-line mass spectrometric techniques, is isobaric interferences between VOC species being sampled at the same m/z value. GLY is isobaric with propanal and acetone and as a result GLY cannot be exactly quantified by PTR-ToF-MS in this study. Only MGLY was measured based on the m/z = 73 Da signal for MGLY-H + .
A Solid Phase Microextraction (SPME) technique was also used to determine GLY and MGLY through PFBHA on-fibre derivatisation. Detailed descriptions of this methodology can be found in the previously published literature (Muñoz et al., 2011; Gomez Alvarez et al., 2012) . Briefly, the fibres were conditioned in the injector of a GC at 250 • C, and loaded with PFBHA derivatisation reagent through the headspace of a 4 mL opaque amber vial containing a 17 mg mL −1 solution of PFBHA in water. Gas samples were extracted from the EUPHORE chamber by inserting the SPME holder into a built-in adapter in one of the chamber's flanges. Sampling time was 5 min. GLY and MGLY were then quantified using a 6890 HP GC with a flame ionization detector (GC-FID) through determination of their corresponding PFBHA derivatives on the SPME fibre.
The linear ranges, MDLs, sampling times and measuring times of the above GLY and MGLY measurement techniques are listed in Table 2 .
Preparing gaseous GLY and MGLY
Pure GLY monomer was prepared from the solid trimerdihydrate (95 %) using a similar method as described in the literature (Volkamer et al., 2005b) . MGLY is available commercially as 40 % aqueous solutions wherein it exists primarily in its monohydrate and dihydrate forms. To obtain the unpolymerized and water-free form, the procedure described in Gurnick et al. (1981) was conducted with minor modifications. Flasks containing pure and unpolymerized GLY or MGLY were stored in liquid nitrogen prior to experimental use.
Pure GLY or MGLY was introduced into the EUPHORE chamber by passing a small flow of nitrogen through a coldtrap whilst allowing the trap to warm gently. After each addition, the chamber's contents were homogenously mixed by the fans and stabilized for five minutes thereby obtaining a stable GLY and MGLY gaseous mixture inside the chamber. Chamber measurements were taken for a period of 30 min before fast dilution down to a lower concentration by adding a large flow of clean air, allowing the chamber contents to mix thoroughly and measuring for a period of 30 min repeatedly until GLY and MGLY concentrations were below the detection limits. The detailed temporal variations of α-dicarbonyl concentrations are shown in Fig. 1a . The downward steps provide a series of gas phase calibrations of GLY and MGLY over a representative range of concentrations generated inside the EUPHORE chamber during experiments performed to investigate the photo-chemical oxidation of VOCs. The different chamber amounts of GLY and MGLY were used to test the instrument response and linearity, and assigned absolute mixing ratio values using the comeasurements by FTIR (ranging from 2.5 ppbV to 405 ppbV for GLY and from 5.4 ppbV to 227 ppbV for MGLY) and BBCEAS (ranging upwards from 1.0 ppbV for GLY and 0.7 ppbV for MGLY). Given their similar performances in the GLY and MGLY measurement experiments ( Fig. 1b and c), these two techniques were chosen as the reference instruments to evaluate the performance of the microfluidic derivatisation technique.
Preparing standard solutions of PFBHA-dicarbonyl derivatives
A set of known concentrations of the PFBHA-dicarbonyl derivatives were prepared in acetonitrile by mixing the α-dicarbonyls with a PFBHA solution whose concentration is five times higher than the highest concentration of α-dicarbonyls. Six standards of individual α-dicarbonyls were prepared ranging from 5.6 to 33.6 µmol L −1 (5.6, 11.2, 16.8, 22.4, 28.0 and 33.6 µmol L −1 ). They are equal to the quantities of α-dicarbonyl derivatives formed by 6.7, 13.4, 20.1, 26.8, 33.5, and 40 .2 ppbV of gaseous α-dicarbonyls under the chamber conditions (30 • C at 1 atm) reacting with PF-BHA, assuming 100 % reaction efficiencies under the optimal micro-reactor conditions shown in Table 1 , with a solution enriching ratio of 2.77 (Pang and Lewis, 2012) . Given that stable gaseous standards for these compounds are unavailable, the liquid based calibration method would be a feasible approach for future field measurement by microfluidic technique, however, a separate methodology for in situ checks for inlet line losses and variations in collection efficiency still need to be devised.
Accuracy and precision of the microfluidic derivatisation technique
Standard α-dicarbonyl mixtures of gases of three different concentrations were prepared in the chamber and used to check the method accuracy and precision. The accuracy of the method was evaluated by the relative error which is expressed as [(observed concentration − absolute concentration)/absolute concentration] × 100 %. Five consecutive samples for each concentration were collected. The absolute concentrations of GLY and MGLY are provided by the BBCEAS instrument chosen for its superior accuracy for these species. The concentrations were also calculated via the microfluidic derivatisation technique under the experimental conditions as shown in Table 1 , using a peak height calculation based on the liquid calibration curves. Ignoring the uncertainties introduced by the FTIR and BBCEAS reference measurements themselves, the microfluidic derivatisation has two main sources of error: (i) the experimental uncertainties of microfluidic derivatisation technique, assessed using repeat samples under the identical experimental conditions, (ii) the instrumental uncertainties of the GC-MS response, assessed here by multiple injections of the same sample under the same instrumental conditions. The precision of the microfluidic derivatisation technique was determined by the replicate analyses (n = 5) of standard α-dicarbonyl gases at three different concentrations under the same experimental conditions. The precision of the GC-MS instrument was calculated by repeated measurements (n = 5) for one sample under the same GC-MS instrumental conditions. The precision was expressed as the relative standard deviation (RSD) = [(standard deviation of observed concentration)/ (average of observed concentration)] × 100 %.
EUPHORE isoprene photo-oxidation experiment
The microfluidic derivatisation technique was employed through the whole summer 2012 "Pho-SOA" campaign in order to determine the gaseous GLY and MGLY concentrations in the EUPHORE chamber. To illustrate the microfluidic derivatisation technique capability, its performance on 25 July 2012 is chosen. For this particular experiment, isoprene photo-oxidation was carried out under relatively low NO x conditions (initial VOC/NO X ratio of about 7). 226 ppbV of isoprene was prepared by injecting 170 µL of isoprene (liquid phase) into the chamber by a heated air flow. Sulfur hexafluoride (SF 6 ) was also added in order to monitor the chamber dilution (using FTIR). HONO was then continuously added into the chamber throughout the experiment so that a steady state of 5-8 ppbV of HONO was achieved (monitored by a Long Path Absorption Photometer (LOPAP) and FTIR) (Heland et al., 2001 ). This experiment was designed so that GLY and MGLY formation could be monitored throughout the entire chemical evolution of the isoprene photo-oxidation system. After the gases in the chamber were mixed by the fans and stabilized for 5 min, the retractable half-spherical housing was opened exposing the chamber to solar radiation, photolysing HONO to produce OH radicals and thus initiating the photoxidation. The chamber was closed when the formation of ozone had reached a maximum (after about 400 min). A comprehensive suite of instrumentation measuring gas and aerosol phase composition was available including those capable of sensitively monitoring the formation of GLY and MGLY (i.e. FTIR, BBCEAS, PTR-ToF-MS, and SPME). Each sample was collected over 30 min at 200 mL min −1 from the chamber giving a total volume of 6 L passed through the microfluidic derivatisation device. During the chamber experiment the next sample was collected whilst the first sample was measured on the GC-MS, and so on. The composition and evolution of the gas phase components of the isoprene photo-oxidation chamber system was also simulated using a chamber optimised photochemical box model incorporating the comprehensive isoprene photooxidation scheme from the Master Chemical Mechanism (MCMv3.2) (Saunders et al., 2003) . Detailed modelling of the chamber system is needed in order to design the experimental conditions and to understand the sources and sinks of the target species of interest. They allow comparisons between modelled and measured concentration profiles of not only ozone, NO x and the VOC of interest, but also a wide range of products and intermediates, such as GLY and MGLY, the temporal and chemical evolution of which provided invaluable information on the fast photo chemistry taking place -enabling us to test our chemical knowledge and understanding of the system under investigation.
The isoprene mechanism employed (along with an appropriate inorganic reaction scheme) contains 456 species and 1476 reactions, and was extracted directly from the MCM website: http//mcm.leeds.ac.uk/MCM. The box model used in this study also includes a series of "chamber specific" auxiliary reactions adapted from previous work (Bloss et al., 2005) in order to take into account the typical background reactivity of the EUPHORE chamber walls as well as chamber dilution. The model was initiated with measured concentrations of isoprene, NO, NO 2 and ozone and constrained to measured HONO, temperature, and relative humidity. The photolysis rate parameterisations used in MCMv3.2 (Saunders et al., 2003) have been adjusted to replicate the photolytic conditions inside the EUPHORE chamber using measured values of j (NO 2 ). More details on the chamber modelling approach used can be found in Rickard et al. (2010) .
Results and discussions
The solvent, PFBHA concentration, microchip temperature, flow rates of gas and solution and reaction time can all affect the reaction efficiency of the derivatisation reaction and, therefore, an optimisation of the parameters is required to achieve the highest efficiency of derivatisation from each micro-preparative system. At the same time, in order to achieve a good separation, chromatographic conditions were optimised to the values described in Sect. 2.2. We have described previously the optimisation process and parameters for formaldehyde measurement (Pang and Lewis, 2012) and have undertaken a similar optimisation here including solvent selection, optimisations of PFBHA concentration, temperature, storage time, gas and solution flows. The detailed description of the solvent selection can be seen in our previous study (Pang et al., 2013) .
The reaction between GLY/MGLY and PFBHA to form the corresponding pentafluorobenzyl oximes is a two-step process, as illustrated in Fig. 2 . In the first step of the reaction, the PFBHA reacts with the α-dicarbonyl through nucleophilic attack to form an amino alcohol. The second step is dehydration of the amino alcohol, which leads to formation of an oxime (Spaulding et al., 2002; Ho and Yu, 2002) . When GLY and MGLY which contain two carbonyl groups are derivatised, three isomers (ZZ, EZ, EE isomers) are formed for GLY and four isomers (ZE, ZZ, EZ, EE isomers) are potentially formed for MGLY. However in practice, only two of the four MGLY isomers are formed in significant concentrations. The retention times of one GLY derivative and one of the observed MGLY derivatives are so close that their peaks overlap and therefore cannot be resolved sufficiently using the current instrument (Pang et al., 2013) . Therefore, the GLY derivative with a retention time of 26.4 min and the MGLY derivative with retention time of 27.0 min were used to quantity analysis in this study (Pang et al., 2013) .
Optimisations of PFBHA concentration, reaction temperature and storage time
Increasing the liquid phase PFBHA concentration from 1.0× 10 −4 to 6 × 10 −4 mol L −1 (whilst the GLY and MGLY concentrations inside the EUPHORE chamber were held constant at 50 ppbV) was found to improve the α-dicarbonyl-PFBHA derivatisation yield. Positive relationships existed between the α-dicarbonyl derivative-oxime response and the PFBHA concentration for both GLY and MGLY under the experimental conditions with 200 mL min −1 flow rate of the sample gas, 40 µL min −1 derivatisation solution flow and the temperature of micro-reactor at 60 • C (Fig. 3a) . In a 1.0 ×10 −4 mol L −1 PFBHA reaction solution, the signal responses (peak heights) of α-dicarbonyl derivatives are equal to 25 % of those of α-dicarbonyl derivatives in 6.0 × 10 −4 mol L −1 PFBHA reaction solution. Since 6.0 × 10 −4 mol L −1 is close to the saturated solubility of PFBHA in acetonitrile, this was the maximum PFBHA concentration tested. According to the derivatisation mechanism there is a reaction equilibrium between PFBHA and the α-dicarbonyl (R1) with the formation of an oxime derivative (PFBHA oxime):
The equilibrium constant is expressed as Eq.
(1)
Equation (1) can be rearranged into the following Eq. (2):
According to Eq. (2) more PFBHA oxime will be produced when using a higher concentration of PFBHA reagent, which forces the equilibrium of Reaction (1) heavily in favour of the oxime formation.
To the best of our knowledge, the influence of temperature on derivative yields has not previously been studied for α-dicarbonyls. In this study the relative derivative signal responses of GLY and MGLY were found to increase from about 40 % at 20 • C to 96 % at 50 • C as illustrated in Fig. 3b with experimental conditions of 200 mL min −1 flow rate of the sample gas, 40 µL min −1 PFBHA derivatisation solution (5.0 × 10 −4 mol L −1 ) flow and both dicarbonyls at a mixing ratio of 50 ppbV, which implies a higher reaction temperature is favourable. The micro-reactor can be heated directly to an elevated temperature due to its planar shape, by a hot plate, unlike more commonly used bubblers and impingers that are often used for stripping and derivitising reactions. the microchannel via three processes: (1) the reaction rate between α-dicarbonyl and PFBHA (Destaillats and Charles, 2002) , (2) the PFBHA and α-dicarbonyl partitioning between the gas and the liquid phases, (3) the partitioning of the PFBHA-α-dicarbonyl derivatives between the liquid and the gas phases. It should be noted that too high a temperature leads to rapid solvent evaporation. The optimal reaction temperature in this study was chosen as 60 • C. A storage period from one hour to several days was found to increase PFBHA derivative yields in previous studies (Ho and Yu, 2002; Temime et al., 2007) . In this study, the residence time of the carbonyls in the micro-channel is a few minutes at most. The derivatisation reaction begins instantaneously but is not necessarily completed within the microchannel and a solution storage time of ten minutes was still needed to allow the derivatisation reaction to complete. In this study, the peak heights of derivatives in the GC-MS chromatogram reached their maximum and remained relatively constant after around fifteen minutes (Fig. 3c) . Thus all samples in this study were injected into the GC-MS after a storage period of at least 15 min, i.e., once the derivatisation reaction had reached its end point. Longer storage times were found to have no significant effect on the GC-MS signal responses of GLY and MGLY drivatives even after 24 h storage. Since the PFBHA derivatisation process is effectively a nucleophilic addition reaction the simple steric structures and electron configurations of GLY and MGLY are favourable to the faster reaction rate (Temime et al., 2007; Reisen et al., 2003) . The derivatisation process occurring in the microreactor is considered sufficiently fast that it can be used for near real-time measurement of α-dicarbonyls with the microreactor effluent passed directly for in situ GC-MS analysis.
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Such an approach circumvents the problems associated with slow storage reactions and long-term degradation of derivative samples in solution.
Optimisation of flows of gas and solution
A key function of the micro-reactor is to efficiently mix the gas flow containing the target α-dicarbonyls with the PFBHA solution. If the flow rate of the test gas is too high, the α-dicarbonyls do not have chance to dissolve in the wall liquid film and react causing the derivatisation efficiency to decrease. The overall derivatisation efficiency was influenced strongly by the mixing at the channel junction and downstream in the capillary region.
Flow rates of the sample gas were varied from 100 to 600 mL min −1 and evaluated for peak height with the derivatisation solution (5.0 × 10 −4 mol L −1 ) flow set at 40 µL min −1 and the temperature of micro-reactor at 60 • C for both α-dicarbonyls at a mixing ratio of 50 ppbV (Fig. 3) . At lower flow rates (between 0 and 300 mL −1 ) a stoichiometric increase in peak area is seen as the gas flow rate increases. Above this point, peak areas then increase more slowly. It should be noted that a too high gas flow rate can lead to excessive rapid solvent evaporation. In this study, the optimal flow of α-dicarbonyl in gas was chosen as 200 mL min −1 to avoid the dilution effect to target compounds in EUPHORE chamber due to high gas flow rate. In Fig. 3e , five flow rates of derivatisation solution (5.0×10 −4 mol L −1 ), varying from 20 to 120 µL min −1 were assessed with the test gas flow of 200 mL min −1 and all other conditions the same as the experiment in Fig. 3d . Peak heights diminish as the liquid flow rate increases -a value of around 30-40 µL min −1 gave good peak heights whilst retaining sufficient workable volumes of solution in the reactor for subsequent handling by GC-MS (Fig. 3e) . The optimal flow rate of PFBHA derivatisation solutions was chosen as 40 µL min −1 for both GLY and MGLY detection. Based on the above optimisation processes, the optimal conditions of the micro-reactor for measurement of α-dicarbonyls are established and shown in Table 1 .
Method calibration
The method calibration curves for the microfluidic derivatisation technique were established based on measuring a series of GLY and MGLY gas mixtures of different concentrations prepared in the EUPHORE chamber. The GLY and MGLY standard gas mixtures in the chamber were simultaneously determined by the FTIR and BBCEAS techniques, which helped construct the calibration curves for the microfluidic derivatisation technique.
In practice the FTIR and BBCEAS instruments showed good agreement for the measurement of GLY and MGLY when dicarbonyl mixing ratios were above 5 ppbV and 2 ppbV, respectively (Fig. 1a) , although there is evidence of divergence at the lowest mixing ratios. Two versions of the calibration equations are obtained according to the two optical techniques employed as shown in Fig. 4 . One version (Fig. 4a) is based on the absolute GLY and MGLY concentrations provided by FTIR and the other (Fig. 4b) references against the BBCEAS data. In Fig. 4a , GLY shows a good linearity from 5.4 to 48.2 ppbV and MGLY from 2.1 to 37.1 ppbV referenced to FTIR. In Fig. 4b , GLY shows a good linearity from 1.0 to 47.0 ppbV and MGLY from 0.8 to 34.0 ppbV by BBCEAS. The gradients and intercepts of the linear best fit lines for GLY in Fig. 3a and b are consistent with each other within the measurement errors of the FTIR and BBCEAS techniques (likewise for MGLY). Therefore, it can be concluded that there are no systematic differences among the calibrations equations established by the two independent reference techniques. Additionally, the correlation between FTIR and BBCEAS in GLY and MGLY Atmos. Meas. Tech., 7, 373-389, 2014 www.atmos-meas-tech.net/7/373/2014/ X. Pang et al.: A microfluidic derivatisation measurement of glyoxal and methylglyoxal 383 determinations shown in Fig. 1b and c also confirms the good agreement with the two reference techniques. Another calibration method, based on measurements on standard solutions α-dicarbonyl-PFBHA derivatives at different concentrations, is shown in Fig. 4c . The concentrations of the α-dicarbonyl derivative solutions have been transformed into the mixing ratios of gaseous α-dicarbonyls assuming the derivatisation efficiencies were 100 %. The gradients of the calibration equations based on standard solutions are higher than those based on the BBCEAS data with 7.5 % and 6.0 % increases for GLY and MGLY, respectively, which may be caused by the lower reaction efficiencies for the derivatisation reaction occurring in the micro-reactor than those in standard calibration solution. The reaction efficiencies of the derivatisation reaction in the micro-reactor were calculated as 92 % and 93 % for GLY and MGLY, respectively, based on the calculation method described in our previous study (Pang and Lewis, 2012) , and these values are consistent with the derivatisation efficiencies deduced as (100 %-7.5 %) = 92 % for gas-phase GLY and (100 %-6 %) = 93 % for gas-phase MGLY from the lower standard gas-phase calibrations (Fig. 4b) than the standard solution calibrations (Fig. 4c) .
There are no systemic differences among the calibration equations established by the standard calibration solutions and optical measurements, which implies the calibration solution method is feasible for gaseous GLY and MGLY determinations. Thus the calibration equations based on liquid standard solution were chosen to quantify α-dicarbonyl concentrations subsequently among the above three calibration curves. In this study, the definition of method detection limit (MDL) is the lowest concentration of analyte that gives a signal which is statistically significantly different from the blank signal. The MDL is calculated by applying the calibration fit coefficients to a peak height equal to the mean height from the blanks plus 3 times the standard deviation of blank values. The MDLs for the microfluidic method are estimated to be 76 pptV for GLY and 185 pptV for MGLY. The comparisons between the microfluidic PFBHA derivatisation technique and other previously reported methods for measuring GLY and MGLY, in terms of detection limit and linear range are listed in Table 2 . The detection limit of this technique for GLY measurement is lower than those of FTIR, SPME, IBBCEAS (Washenfelder et al., 2008) and DOAS (Volkamer et al., 2005a) and is higher that of PFBHA mist chamber technique. But it should be noted that the other methods have shorter acquisition times than the microfluidic derivatisation technique and the sampling gas volume (250-300 L) collected from mist chambers is much higher than in this study (6 L). For MGLY measurement the microfluidic technique is more sensitive than most spectrometric methods and PTR-MS (Washenfelder et al., 2008; Thalman and Volkamer, 2010; Volkamer et al., 2005a) but less than other PFBHA derivatisation methods (Spaulding et al., 1999 (Spaulding et al., , 2002 due to the significantly lower sample volumes. For time resolution, the microfluidic derivatisation technique is slower than all on-line spectrometric techniques since its sampling and measuring processes are separated. The instruments for online measurement can complete sampling and measurement simultaneously in a short time varying from 20 s (BBCEAS) up to 15 min, whilst the microfluidic technique spends around 30 min to collect sample and 30 min to measure the sample by GC-MS. However, the microfluidic technique is considerably more rapid and more automated when compared with other offline chemical derivatisation techniques; these require 2-3 h sampling time and manual offline sampling treatments (Zhou and Mopper, 1990; Spaulding et al., 1999) . The microfluidic method has a longer sampling time (30 min) than that of the SPME derivatisation technique (5 min) used in this study. It should be noted that the microfluidic method benefits from simplicity and cost, and can be available to most common laboratories with GC-MS or GC-FID. The automation potential, short sampling time and simple sampling treatment compared with other offline methods are significant advantages, making it potentially suitable for field measurements and long-term observations on GLY and MGLY in ambient air but clearly not for mobile applications such as aircraft measurements.
The average accuracies for GLY and MGLY are 6.6 % and 7.5 % which were calculated as the average relative error to the absolute concentrations provided by FTIR and BBCEAS, respectively. The precisions for GLY and MGLY are 11.2 % and 11.4 % respectively, which are the average Relative Standard Derivation (RSD) for the five parallel samples and five parallel injections. The detailed values for each measurement are shown in Table 3 .
Application and direct comparisons with other techniques
To test the performance of the microfluidic derivatisation technique for time resolved measurements, the technique was employed to determine gaseous GLY and MGLY during an experiment in the EUPHORE chamber to study the photo-oxidation of isoprene under relatively low NO x (NO < 2 ppbV, NO 2 13-21 ppbV) conditions. The microfluidic derivatisation technique was compared with FTIR, BBCEAS, PTR-ToF-MS and SPME derivatisation techniques as well as the simulation by a chamber specific box model containing the complete MCMv3.2 isoprene scheme on the temporal evolution of the α-dicarbonyl products during the experiment. Mixing ratios of GLY and MGLY were output from the model every 5 min. The comparisons of the five analytical techniques and the MCM box model simulation are shown in Fig. 5 . In the figure, each data point obtained by the microfluidic and SPME techniques show the average concentration during 30 min sampling period of each sample and the data point given by BBCEAS technique indicates the average concentration during 20 s period of each sample collection. Both FTIR and PTR-MS data points imply the mean concentrations integrated from 5 min sampling time. The results of FTIR, BBCEAS, PTR-ToF-MS and the modelling simulation were averaged in accordance with the sampling time interval of microfluidic derivatisation samples. Therefore, the pairwise correlations were estimated based on the results on the same sampling period of the measurement techniques and the modelling simulation. The correlation results are shown in Table 4 including the correlation coefficients (r 2 ), gradients and intercepts of the linear equations among all methods. The comparison of GLY measurements by the various techniques and the MCM model is shown in Fig. 5a . Overall the microfluidic derivatisation technique showed a similar GLY evolution to those obtained from other methods. Better correlation was found between the microfluidic technique and SPME techniques with the r 2 and gradient values of 0.91 and 0.93 (n = 11) (Table 4) , which implies the two techniques based on PFBHA chemical derivatisation have similar performances for GLY measurement. Good correlation coefficients were observed between the microfluidic derivatisation technique and FTIR, BBCEAS, MCM modelling simulation for GLY. The evolutions of GLY in Fig. 5a show the microfluidic method has two outliers compared with the other methods. The outlier at 240 min may be a result of more solvent evaporating from the solution vial than other samples (faulty cap for example), which gave higher concentrations of both GLY and MGLY. The explanation for those outliers after 175 min may be the memory effect from high GLY concentrations at 175 and 240 min. To avoid the above potential problems an internal standard -a carbonyl that does not occur in the atmosphere could be added into the solution. An isotopically labelled version of the target carbonyls would also be an option as an internal standard. Heating the gas lines tubing before sampling may also reduce the GLY and MGLY absorption on tubing membrane. FTIR data points show more scatter than those of other techniques in Fig. 5a , which may be caused by FTIR unstable performance close to 2.5 ppbV the FTIR detection limit.
The MGLY measurements by the various methods are shown in Fig. 5b . With the exception of the aforementioned outlier point at 240 min, the microfluidic derivatisation technique shows a good agreement with BBCEAS and MCM modelling simulation on MGLY evolution with good correlation coefficients and gradients (Table 4) . Those good correlations imply microfluidic performance for MGLY is credible and broadly equivalent to other online techniques.
The gradients less than 1 in the linear equations between microfluidic technique and other method imply microfluidic derivatisation measurements in MGLY are higher than other techniques in this experiment. There is one significant outlier at 240 min that shows MGLY concentration is still increasing measured by microfluidic method whilst the data from other methods are decreasing. This outlier may be ascribed to the higher enrichment ratio for this sample since more solvent evaporated from the derivative solution due to the longer sampling time (60min) of this sample compared with that of other sample (30 min). PTR-ToF-MS's results agree reasonably well with those obtained by other techniques during the initial 200 min of the comparison study, following which a divergence from the data recorded by other techniques is observed (Fig. 5a ). After that time the MGLY signal of PTR-ToF-MS does not decay (whereas all other techniques do), but remains stable and constant for the remainder of the experiment. An explanation for this phenomenon may be that the isobaric background signal from the protonated water cluster (H 2 O) 4 · H + increased with the increasing sample humidity and caused the interfering and overlapping signal on the m/z 73 mass channel, which is identical to m/z of MGLY·H + at the mass resolution of the instrument.
A comparison of the model vs. measurements in general shows that the model is over-predicting the absolute concentrations of GLY and MGLY but is doing a reasonable job of predicting the temporal profiles of both dicarbonyls throughout the experiment, giving us some confidence in the model chemistry (see Table 4 ). A more in-depth modelling study comparing the MCMv3.2 isoprene chemistry against a range of measured products (including other first/second/third generation oxygenates such as methacrolein, methyl vinyl ketone, hydroxyl acetone, glycolaldehyde), over a range of atmospheric conditions, will be presented in a separate paper.
To further test the feasibility of the microfluidic derivatisation technique for measurements of GLY and MGLY close to the detection limit, a comparison was conducted between the microfluidic technique and BBCEAS at low GLY (0.1-0.8 ppbv) and MGLY (0.5-1.7 ppbv) concentrations (Fig. 6) . Those samples were collected from the beginning or ends of some experiments when GLY and MGLY concentrations were low in the chamber. Good agreements are observed between the microfluidic derivatisation technique and BBCEAS in the measurements of GLY and MGLY at the lowest concentrations.
The similar performance of the microfluidic derivatisation technique with other online instrumental techniques and SPME derivatisation in EUPHORE chamber demonstrates the sensitivity and time resolution of microfluidic derivatisation technique is adequate for field GLY and MGLY measurements. Some further refinements of the microfluidic technique will be conducted to allow detection of ambient α-dicarbonyl compounds principally through improvements in the ruggedness and automation of the micro-reactor and the inclusion of an internal standard.
It is appreciated that the above results are based on a small amount of data from a few experiments but we believe that this study indicates that the microfluidic derivatisation technique is a valuable and feasible analytical method for GLY, MGLY and potentially other trace atmospheric carbonyl compounds in ambient air.
Conclusions
A new and near automated microfluidic "lab-on-a-chip" derivatisation technique has been developed for the sensitive measurement of gas-phase glyoxal (GLY) and methylglyoxal (MGLY), and has been tested in a series of simulation experiments in the EUPHORE outdoor atmospheric simulation chamber. The method is based on microfluidic derivatisation of carbonyls and pre-concentration of the reaction solution in a glass micro-reactor followed by GC-MS analysis. The microchannels of the reactor enhance the phase contact area-to-volume ratio, and allow direct heating of the on-chip reaction. This combination of small volumes and higher temperatures creates a much faster and higher efficiency derivatisation between α-dicarbonyls and PFBHA than can be achieved using other traditional derivatisation methods and without requiring any additional preparative steps. Effluent leaving the micro-reactor can be directly injected into a standard bench-top GC-MS without further preparation. The technique was employed to measure the α-dicarbonyl products formed during a controlled isoprene photo-oxidation experiment in the EUPHORE outdoor smog chamber, and was compared with several alternative spectroscopic and mass spectrometric techniques. The consistency in temporal evolutions of GLY and MGLY between different experimental measurement techniques and a detailed box model simulation provides some initial evidence for the effectiveness of the technique in practical application. The consistent calibration equations established by the standard calibration solutions and FTIR and BBCEAS measurements implies the calibration solution method is feasible for field determinations. The microfluidic derivatisation technique provides significant opportunities to build on the specificity of derivatisation for a series of carbonyls but at a low cost, without manual preparative steps and allows for faster reaction times and on-line coupling with widely available GC-MS. Since the detection limits of microfluidic derivatisation technique to GLY (0.07 ppbV) and MGLY (0.18 ppbV) are lower than many reported tropospheric mixing ratios (1-2 ppbV) and much lower than levels seen in direct emissions such as in biogenic burning plumes, the microfluidic derivatisation technique could be employed for ambient GLY and MGLY measurements with time resolution of 30 min or less.
